The crystal structure of beef liver catalase [Murthy, 
Introduction
The biological function of catalase (EC 1.11.1.6) is still unclear, as is also the in vivo role of the bound NADP molecule found in some mammalian catalases (Kirkman & Gaetani, 1984; Fita & Rossmann, 1985a) and the extra 'flavodoxin-like' domain in fungal catalases (Vainshtein, Melik-Adamyan, Barynin, Vagin & Grebenko, 1981) . However, the presence of catalase in most aerobic organisms has been related to the protection of cells from the toxic effects of small peroxides (cf. Deisseroth & Dounce, 1970; Schonbaum & Chance, 1976) .
The structure of beef liver catalase (BLC) had been determined (Reid, Murthy, Sicignano, Tanaka, Musick & Rossmann, 1981; and bears a close resemblance to fungal catalase (Vainshtein et al., 1981) . In this paper we describe the refinement of the atomic parameters and analyze the molecular structure. Elsewhere (Fita & Rossmann, 1985b) we have discussed the heme environment in relation to the catalytic properties of the enzyme.
Refinement of the structure ( a ) Crystal and molecular data
The molecular weight of BLC is 235 000. There are four polypeptide chains per molecule, each with one heme group and one NADP moiety (Kirkman & Gaetani, 1984; Fita & Rossmann, 1985a) . Each subunit has usually 506 amino acids, although some beef liver extracts have been reported with 10 to 15 additional residues (Schroeder, Shelton, Shelton, Robberson, Apell, Fang & Bonaventura, 1982; Schroeder, Shelton, Shelton, Apell, Evans, Bonaventura & Fang, 1982) . The crystals are trigonal, have space group P3221 with a = 142.0 and c = 103.7 A and were first reported by Eventoff, Tanaka & Rossmann (1976) . The molecule is positioned on a crystallographic diad with two subunits per crystallographic asymmetric unit. For most of the refinement, the coordinates were constrained by the previously determined non-crystallographic symmetry relating the two crystallographically independent subunits. Only in the final stages of refinement was this constraint removed to permit entirely independent adjustments of the atomic parameters in the two subunits.
The three mutually perpendicular molecular diads serve to define the right-handed P,Q,R coordinate system. The Q axis is coincident with the crystallographic twofold axis at z--~c. The R axis is very roughly parallel to c, or more precisely there is an angle of 0 = -13.65 ° between R and c. The relationship between the molecular and crystallographic axes is given by:
P=a mcos0x+0y-csin0 z-2 a
Q = -~x + b(y -Yo) + Oz
(1)
where (0, Yo, 0) is the position of the molecular center in fractional coordinates. Alternatively, the relationship between the two non-crystallographic asymmetric units can be expressed as:
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Equations (2) were used to constrain the refinement to the non-crystallographic symmetry. The reference subunit, Sl, is defined as having all positive coordinates for its heme Fe position. Subunit $2 is related to $1 by the R axis. The X-ray diffraction data were collected with oscillation photographs as described by Murthy et al. (1981) . The final native data extended to 2.5A resolution. Although 88% of the data were observed with amplitudes greater than one estimated standard error, yet only 67% of the data was found to be similarly significant in the 2.58-2.50,~ resolution shell. The overall R factor was 10.3%, where R fac-
tor= ~,h ~i ]( [h -Im)]/~ h 2i [h ( [h is the mean of i observations Ihi). ( b ) The starting model
The original multiple-isomorphous-replacement phases were obtained from the native and four heavyatom-derivative data sets. The map was then subjected to ten cycles of molecular-replacement density averaging. The resultant electron density, averaged over the two crystallographically independent molecular subunits, was interpreted with respect to the amino acid sequence in a Richards optical comparator . This model was used to measure C~ coordinates and details of some selected residues. These coordinates were the starting point of the work reported here.
The averaged electron density map, calculated with respect to the molecular P,Q,R system, was then displayed in the MMS-X computer-graphics system (Barry, Bosshard, Ellis & Marshall, 1975) with A. Jones's (1978) FRODO program. The initial model building experienced some difficulties in a few regions. In particular, the amino-terminal (1-4) and carboxy-terminal (501-506) residues were not visible in the map. Apart from residues 3 and 4, these residues remained undetermined throughout the refinement.
( c) Refinement strategy
The molecular coordinates were transferred to the crystal system and used to construct an electron density map. Each atom was represented as a sum of two Gaussians (Forsyth & Wells, 1959; Agarwal, 1978) modified by individual temperature factors and an artificial overall temperature factor (25 A 2) related to resolution and grid sampling (Ten Eyck, 1977) . The electron density generated by any given atom was limited to a radius of 3 A. No density was placed in the solvent region of the crystal cell. The resultant electron density was back-transformed with a P32 specific fast Fourier program (Ten Eyck, 1973; E. Dodson, private communication) to give calculated structure factors, F~. These structure factors were placed on a relative scale to the observed amplitudes F,, by deriving independent linear scale factors ceived by and adapted for vector processing on a Cyber 205 computer.
This procedure improves the agreement between Fo and [Fc amplitudes while simultaneously maintaining reasonable stereochemical features. The objective is to minimize an observational function by setting up a set of normal equations in terms of the atomic parameter shifts.
The stereochemical restraints applied to the model included interatomic distances and angles, planarity, chiral volume, non-bonded contacts and torsion angles. The general form of the contribution to the residual for a given type of restraint is y [w(aT-aM)l.rY, i where the sum is taken over all restraint parameters of a given type. The weight for each term in the sum has the form w/or, where o" r is the target standard deviation for a particular restraint and w is the weight given to that term in the residual; dr is the target value for the restraint and dM is its actual value derived from the model. The values of w, or and R are given in Table 1 for the final stages of the refinement.
Two main modifications were introduced to the Hendrickson-Konnert refinement package. The first is the use of non-crystallographic symmetry as a constraint and the second is the vectorization of the structure factor and structure factor derivative calculations. In its original version, the program imposed non-crystallographic symmetry as a restraint by minimizing ~ (x- [C] x') 2, where x and x' are noncrystallographically related position vectors of atoms and [12] is the known non-crystallographic operator. This means that, while the number of observational equations would have increased, the number of parameters would not have decreased. By imposing the non-crystallographic symmetry as an algebraic constraint, the number of independent atomic parameters is halved (Rossmann, 1976) .
The specific configuration of the Purdue University Cyber 205 computer at the time of this work included one vector processor, one scaler processor, 10 6 64-bit words of main memory and 3 x 10 9 bytes of disk space. The special feature of such a computer is the vectorprocessing option. This permits the same operation to be performed almost simultaneously on each set of paired elements in two vectors. The operation on the second pair of elements can commence very shortly after the operation on the first pair has started and so forth. Hence, the multiplication (say) of two vectors can be done in only a little extra time than the multiplication of two individual numbers. The calculation of structure factors and their derivatives was, therefore, performed by computing all atomic contributions for a given reflection at once. That is, the x, v and z coordinates of all atoms in the unit * The number of distances, planes, etc., which were restrained. t >no. indicates the number of restraints which remained larger than no" r (target) at the end of the refinement stage.
cell were initially expanded into three vectors. The length of each vector was about 50000 elements. Similarly, the cosine and sine tables were placed into vectors and accessed by a special instruction which allows the gathering of all required values in the look-up table. All multiplications of scattering factors were also vectorized. In this manner the execution time was reduced by approximately a factor of 10 when compared with the unvectorized version of the program. The Cyber 205 computer was not available when the refinement of BLC was initiated. Hence, the realspace transformation described above was used for structure factor calculations. This would not have been necessary had the Cyber been available. Thus, in the end, the reciprocal-space method of structure factor calculation was used in the least-squares procedure, whereas the real-space transformation was used in the construction of difference maps.
( d) Refinement progress
The initial R factor for the model that had been fitted to the molecular-replacement map in the MMS-X graphics system by means of the FRODO program was 37.9% for data between resolution limits of 10 to 3 A. The subsequent progress of refinement is detailed in Table 2 . Explicit hydrogen bonds were used as restraints during the first 11 cycles while weighting heavily the X-ray contribution to the normal equations. An overall temperature factor was used only in the first seven cycles of refinement. Discontinuities in the overall R-factor convergence ( Fig. 1) correspond to the incorporation of additional data into the least-squares process and the reexamination of the current model in the MMS-X system. Water molecules were introduced after the l lth cycle and refined with full occupancies. These were placed only where there was good density and no steric overcrowding. Those water molecules which exhibited shifts greater than 2 ~, from their initial positions or refined to temperature factors larger than 50 A2 were removed. No restraints were put on water molecules, but short contacts were not permitted. BLC (Schroeder) BLC (X-ray)
BEC (Schroeder) HEC (Schroeder) 500
X-ray)
tF-V-E-S-B-S-H) (I, H, T) 492 495 500 505 -A -A-A-~-A-A-A--A-A-A-A-A-A-A-A-A-A-
Beef liver catalase (BLC) crystals show additional electron density. The latter was initially interpreted as the above alignment of peptides Th 10 and Th 11 found in occasional preparations of BLC (Schroeder, Shelton, Shelton, Robberson et aL, 1982). Similar peptides are invariably found in beef erythrocyte catalase (BEC) which shows no other differences to BLC. Similar peptides are also found in human erythrocyte catalase (HEC) although the above alignment shows a conflict of residues in positions 506 and 507. The carboxy-terminal extension to the flavodoxin-like domain in Penicillium vitale catalase (PVC) showed spatial alignment of residues 512-517 (BLC) with 503-508 (PVC). Hence, the initial interpretation of the extra density in BLC was in terms of the hexapeptide H-V-H-T-Y-A. However, after the refinement had already been terminated, this density was reinterpreted in terms of the NADP recently reported (Kirkman & Gaetani. 1984 ) to be associated with BLC.
increased after cycle 29 so that the contribution per parameter of the X-ray data was roughly equal to the contribution per constraint in the overall sum that was to be minimized.
The constraint between the two independent crystallographic subunits was removed in the final cycles (70-76) giving a further significant decrease in R factor. The refinement of residues 499 :tnd 500 in subunit 2 was then found to be unstable. H once, atoms C~ and the carbonyl O of Tyr 499 as well as C~ of Asn 500 were fixed in subunit 2. This cured the problem A significant amount of uninterpreted electron density was assumed to be a carboxy-terminal extension after cycle 52. The density corresponded to some of the amino acids of peptides Th 10 and Th 11 found by Schroeder, Shelton, Shelton, Robberson et al. (1982) in occasional preparations and assigned by them to the carboxy-terminal extension of bovine and human erythrocyte catalase (Table 3) minated, it was reported that BLC contained 4 molecules of tightly bound NADP (Kirkman & Gaetani, 1984) . Reinspection of the extra density clearly showed a far better fit of NADP to the density, even after refinement with respect to the hexapeptide. The correspondence of fit can be described as:
hexapeptide: HVHT YA NADP: N R P P R A P where the imidazole of the second histidine occupied only very low and poor density (Fig. 2) . The NADP structure was refined in cycles 77 to 87 using the non-crystallographic constraint and starting with the averaged coordinates found at the end of cycle 69. Final plots of the R factor expressed as a function of the resolution for the final models are shown in Fig. 3 . A plot of the C,~ atoms in one subunit is given in Fig. 4 which is compared with a diagrammatic view of the molecule. Final coordinates of both subunits relative to the molecular P,Q,R axes have been deposited with the Brookhaven Protein Data Bank as have also the structure amplitudes.*
Convergence and accuracy
Although it is difficult to assess that convergence has been reached in the refinement process, the r.m.s. shifts of atoms at the end of cycle 76 were only 0-018 ,~, and the r.m.s, thermal adjustments were 0.37 A 2. Such relatively small values do not assure that all parts of the structure have the correct conformation, but only that the present structure has been refined to a minimum, given the current weight of the conformational restraints and imposition of non-crystallographic constraints. No easy method is available for determining the diagonal terms of the inverted matrix representing the normal equations of the least-squares procedure. Hence, it is not easily possible to determine a direct estimate of the errors. However, a maximum limit on the errors can be assessed by observing the difference between the independently refined subunits (Table  4 ). The larger positional differences are mostly associated with surface residues that encounter different extemal environments (Table 5) . Thus, an outside error limit of 0.21/~ for main-chain and 0.37 ,~ for side-chain atoms (Table 4 ) would seem to be very reasonable estimates.
The final (2Fo -Fc) averaged map is compared with the starting map [multiple isomorphous replacement (MIR) improved by cyclic molecular replacement averaging] in Fig. 5 . The poorest parts in the final electron density map are: (i) the amino-terminal (1-2) and carboxy-terminal (501-506) parts of the molecule where some residues could not be found even in the final map; (ii) the residues Ala 19-Ala20-Glu21-Lys 22 where only the tracing of the main chain was visible in the final map; and (iii) Leu 450-Asn451-Glu 452-Glu 453 where the main chain is quite well defined but most of the side chains are completely unobservable. These three regions correspond to the highest temperature factors in the molecule (see below).
Differences between the two subunits
Independent refinement of the two subunits permits:
(1) redetermination of the position and orientation of the molecule, (2) assessment of the accuracy of the molecular 222 symmetry, and (3) determination of the local influence of the different crystallographic environment on the two independent subunits. However, refinement of the two subunits requires doubling the number of refinable parameters without increase of the number of observed amplitudes, although the number of observational equations restraining the molecular stereochemistry is also doubled. Hamilton (1964 Hamilton ( , 1965 suggested a test to determine whether the increase of parameters made a significant improvement in the agreement of the observational equations or was due entirely to the increase in the number of parameters. Application of the test (Table 6) shows that a significant improvement occurs in the two-subunit refinement if it is Therefore, R'(one-subunit)/R'(two-subunit) = 1.162. Hamilton's test predicts a v~tlue of !.02 for this ratio at the 5% significance level. Since the value of R'(one-subunit)/R'(two-subunit)> 1.02, the two-subunit refinement should be a significant improvement. Note, however, that the R factor is dependent only on X-ray data, whereas the number of degrees of freedom was augmented by the stereochemical restraints.
assumed that the number of reflections (information) is to be augmented by the number of restraints. However, the test was not originally conceived for the combination of X-ray and stereochemical data. As Hamilton's test is not truly applicable in the case of a stereochemically restrained least-squares procedure, an alternative method has been applied which shows that the differences between the subunits may be significant and physically meaningful. The largest differences between the non-crystallographically related subunits may not be due to error in the determination of atomic positions, but be real differences due to differing molecular environments (Table 5 ).
All the C~ atoms were superimposed by a leastsquares process (Rao & Rossmann, 1973; Rossmann & Argos, 1975) with varying constraints (Table 7) . In (1) of Table 7 , it was assumed that the R axis was a true diad and intersected the molecular Q axis coincident with the crystallographic twofold axis, while solution (2) referred to the free superposition of the two R-related subunits. The results show that the size of A, K and t (Table 7) yo is the translation of the molecular center along the Q axis away from the 32 axis. 0 is the angle between the molecular R axis and crystallographic c-axis directions.
A is the perpendicular distance of the R axis from the crystallographic diad. K is the angle of rotation between the two subunits about R. t is the translation between two R-axis-related subunits parallel to R. Solution (1) assumes exact molecular 222 symmetry. Solution (2) permits free superpositlon of the R-related subunits.
that the molecule had exact 222 symmetry. The differences between the final values of Yo and 0 between those used in cycles 0-69 and those found subsequently were 0.02/~ and 0.01 °, too small to be significant. 
Analysis of the refined molecule (a) Conformation of main-chain angles
The main-chain torsional angles, ~, ~, and to, are good indicators of the quality of the model. In their analysis; we have used the results of the averaged subunit refinement. Glycyl and non-glycyl residues were treated as two classes because of the greater freedom of the former. The Ramachandran plots for each class are shown in Fig. 6 which also show superimposed the conformational-energy map (Brant & Schimmel, 1967) .
Fifteen glycyl residues, representing 44% of all glycines, as opposed to only twelve other residues (3% of all such residues) have positive (p angles, There is a cluster of four residues (388, 391,396 and -o00-~ 397) which also have positive ~ values. These form part of the Q-axis-generated subunit contacts and have an unusually high sulfur content, the sequence being Met 391-Cys 392-Met 393-Met 394:
The conformational angles to were restrained toward the trans (to=180 °) position, except for Pro 405 which required a cis conformation. Table 8 180.0.
lists those residues that differ by more than 10 ° from 180 °. The largest discrepancy was 18 ° for the essential Tyr 357. Indeed, it is of some interest that many of the essential residues or those within the heme pocket (Table 8) have unusual conformational angles.
( b ) Secondary structure
Although the general folding of BLC presented here (Fig. 4) does not differ from that presented previously , there are many changes in detail. Particularly large changes relate to the main-chain hydrogen-bonding arrangements of /35 and /36. Hydrogen bonds were assumed (Fig. 7) whenever the donor-acceptor distance was less than 3.5/~ and the precursor-donor-acceptor angle was between 110 and 180 ° (Baker & Hubbard, 1984) . The main-chain hydrogen-bonding interactions between subunits are also shown in Fig. 7 .
In BLC there are 14 helices ranging in size from one (o~ 7, and as) to 4½ turns (0/ll, 0/lE and 0/13). Helix 0/7, has longer than average hydrogen bonds (ranging from 2.7 to 3.3/~) and had not been previously characterized. Seven helices (0/1, 0/2, 0/3, 0/5, 0/6, 0/11, O/12 ) are initiated or terminated by fragments of a 31o helix. Helix 0/s resembles more a 7r-than an 0/-helix (see hydrogen bonding in Fig. 7) , a situation which also occurs in PVC (Vainshtein, Melik-Adamyan, Barynin, Vagin, Grebenko, Borisov, Bartels, Fita & Rossmann, 1986) .
The central feature of the catalase structure is an eight-stranded anti-parallel /3-barrel. The first four strands (~l, ~2, ~3, J~4) are consecutive with each other and these have a fold similar to the second set of four strands (/35, /36, /37, /38). A similar /3-barrel !" "'" :' ri" While one of these bends has the usual associated type II tight turn, the other has a type II turn connecting the two /3-strands involved in the /3-bulge formation.
There is an unusual 6-stranded anti-parallel structure formed between subunits involving the wrapping domain and amino-terminal arm. This is shown as a hydrogen-bonding diagram in Fig. 8 . The aminoterminal arm of the standard 'red' subunit itself has been slipped through a loop, composed of residues 380-420 of the Q-related 'yellow' subunit.
( c) Temperature-factor variation and solvent accessibility
As in other proteins, catalase shows ~casonable correlation between atomic temperature factors and molecular surface area. In Fig. 9 are shown graphs relating the average main-chain and side-chain temperature factors per residue with surface accessibility. The latter was determined with the Lee & Richards (1971) algorithm. The exposed fraction of the total surface area (Fig. 7b) was normalized with respect to the accessible surface area of each residue X as found in a Gly-X-Gly tripeptide in the same conformation as in the native protein (Shrake & Rupley, 1973) . Although the greater surface flexibility (expressed as a 'temperature factor') in proteins has long been recognized, it has only occasionally been placed on a quantitative basis (Sheriff, Hendrickson, Stenkamp, Sieker & Jensen, 1985) .
The variation of mean temperature factor per residue with position in the polypeptide chain is shown in Fig. 10 for both main-and side-chain atoms. While the main-chain temperature factors vary relatively smoothly, there are far greater differences in mean side-chain temperature factors between successive residues. The highest temperature factors (58.5 A2 for the main chain) occur for residues Ala 19-Ala20-Gln21 at the hinge between the aminoterminal arm helix al and the loop through which the arm is inserted in the Q-axis-related subunit. Possibly the arm requires this flexibility in order to form the 'knot'. Other regions of particularly high temperature factors are at the amino-terminal (49.6 A2 main chain) and carboxy-terminal (57.9/~2 main chain) regions where the first two and last six residues are entirely disordered. Other regions of high temperature factors are near the beginning of helix a]~ (=49.0 A 2) and in the wrapping domain Met 391-Met 394 (=37.6 A2). Both these fragments are particularly accessible to water. The most rigid parts of the molecule (60-75, 113-117, 159-163, 324-326, 350-368) are found in the heme pocket (8 < B < 10 A 2 for main-chain atoms). The mean temperature factor of the heme groups themselves is only 17 A2 [see Fita & Rossmann (1985b) Swarte & Drenth, 1984) and penicillopepsin (James & Sielecki, 1983; James, Hsu, Hofmann & Sielecki, 1981) ]. In contrast, the NADP binding pocket is far more flexible and the NADP molecule itself has a mean temperature factor of 50/~2 (Table 9 ). This is particularly surprising in light of its strong affinity to the catalase molecule (binding constant <10 -8 M; Kirkman & Gaetani, 1984) . The 02' phosphate group has a particularly high temperature factor (57.1 A2).
Residues have been divided into three groups according to their percentage normalized surface accessibility: those with more than 15% of their area accessible, those with between 15-2% accessible, and those with less than 2% accessible. Table 10 shows relative side-chain surface accessibility of the different kinds of residues and their variance. The results for catalase are very similar to those for penicillopepsin (James & Sielecki, 1983) . The main chain has 106 'fully' accessible residues and 112 partially accessible residues. Their position (Fig. 7b) correlates with absence of observed main-chain hydrogen bonds, suggesting that most of these residues may interact with non-detected water molecules. •.
( d) Side-chain and solvent interactions
4o.oo!"
•. form hydrogen bonds with main-chain amino nitrogens and 41 with main-chain carbonyls. Their disposition with respect to a subunit is shown in Fig.  11 , while Table 12 counts the number of protein and water ligands for each water molecule. Of particular interest was one water molecule (identified as W52
with P,Q,R coordinates 19.6, 4.3, 28.3 A). It had a temperature factor of 19 A 2 and was associated with especially bulky density. It is positioned on the heme's distal side, near Asn 147, and at the entrance to the possible secondary heme channel (Fita & Rossmann, 1985b) . Possible ionic interactions, defined as distances less than 3.8 A between groups that are probably charged at neutral pH (Arg, Lys, Glu, Asp), are listed in Table  13 . There were 29 probable salt bridges (or 30 if the Arg 353 interaction with the essential tyrosine 357 is counted) within a subunit and 7 between subunits. The intersubunit salt bridges involve 6 arginines and 6 aspartic acids but only 1 glutamic acid and no lysines. Ionic subunit interactions in southern bean mosaic virus are also dominated by arginines (Rossmann, Abad-Zapatero, Hermodson & Erickson, 1983) . Of some concern are residues Arg387 and Lys 232 which are completely buried and apparently not neutralized directly by any other residues, although they are in polar environments.
( e) Tertiary and quaternary structure analysis
The tertiary and quaternary structure has been outlined previously . Our aim here is to examine the relationship between secondary structural elements in a quantitative manner. The area of contact between any pair of secondary structural elements was examined by determining the reduction of surface area for the free elements when positioned in the molecule, using the Lee & Richards (1971) algorithm with a probe radius of 0.75 ,~. The surface area concealed to the probe will be slightly different for each of two secondary structural elements. Hence, the average value of these two determinations was used. Finally, a distinction can be made between carbon and non-carbon atoms made inaccessible by contact between two secondary structural elements. The carbon-atom area can be considered as a function of the hydrophobic van der Waals interactions. These calculations can be represented as a matrix where the matrix elements represent interactions between any two secondary structural elements. The matrix can be extended by including the prosthetic heme and NADP groups (Table 14) .
Analysis of the matrix for one subunit of catalase shows in a quantitative manner that (i) the aminoterminal arm is bound only weakly to its own subunit by way of small interactions between al and a7 and the primarily hydrophobic contact of a2 with a8; (ii) while there is extensive contact between the adjacent strands of the/3-barrel, the contact area between 134 and f15 is much less; (iii) there are seven a-helices (a3, a4, a5, alO , all , a12 , a13 ) which form a cluster; and (iv) NADP is in contact with as, 135,/36,/37 and alo and the heme group with /32, /33,/34, a3,/35, a8 and a9.
A similar analysis can be made for the interactions between secondary structural elements in different subunits. These results are summarized in Tables 15  and 16 . By far the smallest subunit surface contact area is between 'P-related' dimers (that is, between dimers which themselves still contain subunits related by the P axis), while the Q-and R-related dimer contact surfaces are roughly equal. The P-related dimer contact surface is also dependent on a larger percentage of polar interactions. The wrapping domain provides the largest area of contact for subunit interactions, particularly for the Q-related dimers. The amino-terminal arm also provides a large amount of contact especially for R-related dimers. Table 15 are the non-secondary structural elements. These were not included in the intra-subunit interactions (Table 14) on account of the end effects which relate to the surface area between adjacent elements and thus represent covalent interactions. However, these non-secondary structural elements can be introduced in considering intersubunit contacts without any such problems and are seen to contribute significantly (Table 15) to the interactions.
(f) Crystal packing
In order to describe the molecular contacts in the crystal, the reference molecule will be considered to be positioned at 0,y0, 5. Subunit I has its Fe atom such that all its P,Q,R coordinates are positive, while the crystallographically different subunit 2 has its Fe atom at P,Q,R (-16.9, 3.4, -15.2). Three different molecular interfaces can then be described (Table  17) . The tetramer itself, therefore, contains a total of 6 different molecular contacts since each of the three types of interfaces will occur twice (Fig. 12) .
Interface I involves at least five well defined hydrogen bonds; interface 2 involves primarily weak hydrophobic interactions and only two possible hydrogen bonds; and interface 3 has at least five hydrogen bonds, ionic interactions and larger hydrophobic contacts. No water molecules have been found in the space between the molecules in the contact region. This may, however, merely reflect the absence of well characterized water molecules. As observed earlier (Table 5) , the molecular contact regions also correspond to maximum departure from non-crystallo- This matrix shows areas (.~2) in contact between two structural elements as determined by a probe atom of 1.5 ~ diameter. The top half of the matrix gives total areas. The bottom half of the matrix gives the ratio of carbon atoms to non-carbon atoms in contact. The diagonal gives the total area of secondary structural elements. Note: C/~ C is the ratio of carbon atom area to non-carbon atom area that is in contact with the neighboring subunit. This ratio is, therefore, larger for hydrophobic contacts.
graphic symmetry. The contact area III (Table 17) Note: C/# C has the same significance as in Table 15 .
C/#C 
Introduction
It is well known that the spherically symmetric atomic charge density distribution around H is subject to a relatively large distortion on formation of a bond A-H (Stewart, Davidson & Simpson, 1965) . The H position obtained from X-ray data (X) with normal spherical scattering factors is displaced towards A along the bond vector when compared with H positions obtained from neutron data (N). Thus the mean X-N shifts for C-H and O-H in sucrose are -0.13 ( 1 ) and -0.18(1)A, respectively (Hanson, Sieker & Jensen, 1973) . Measurable asphericity shifts are not, however, restricted to H (see for example Dawson, 1964) . A significant X-N positional shift of O(H) in oxalic
